Background: Previous studies reported that ablation of low-voltage areas (LVAs)
| INTRODUC TI ON
The joint professional society consensus statements support that pulmonary vein isolation (PVI) is the cornerstone of catheter ablation of atrial fibrillation (AF).
1 PVI is highly effective in paroxysmal AF, however, it may not be adequate to suppress persistent AF (AF). Further modification of the atrial substrate maintaining AF seems necessary in patients with persistent AF.
Both the PVs and posterior left atrium (LA) develop from the sinus venosus, which has many pacemaker cells. 2 The posterior LA has been implicated in the AF substrate including conduction delay and block. [3] [4] [5] [6] Non-PV triggers and rotors mainly existing in the posterior LA have been reported. 7, 8 Recently, late gadolinium enhancement of left atrial magnetic resonance imaging has been shown to be highly distributed in the posterior LA. 9 These findings support that isolation of not only the PVs but also the posterior LA can result in a much better suppression rate in persistent AF. Therefore, we developed an approach for a complete isolation of the posterior LA including all PVs, namely the Box isolation (BOXI). 10, 11 Furthermore, an individualized approach for AF ablation based on low-voltage areas (LVAs), which are correlated with atrial fibrosis, has been provided. [12] [13] [14] [15] [16] Previous studies reported that LVA ablation after PVI improved the success rate in persistent AF patients with
LVAs. [12] [13] [14] [15] [16] However, the necessity of LVA ablation in addition to the BOXI for persistent AF with LVAs is less clear.
Although an additional benefit of the BOXI over PVI in the treatment of persistent AF has been reported in previous studies, [16] [17] [18] [19] [20] [21] [22] [23] the mechanism of the beneficial effect of the BOXI is still unclear. Therefore, we evaluated the additional effect of the BOXI in addition to PVI on the termination and inducibility of AF and the additional benefit of LVA ablation over the BOXI for persistent AF with LVAs.
| ME THODS

| Study population
One-hundred fifteen consecutive patients with persistent AF (n = 40) and longstanding persistent AF (n = 75) underwent catheter ablation of AF from September 2014 to February 2017.
Persistent AF was defined as AF that was sustained for more than 7 days but which required pharmacologic or electrical cardioversion. Longstanding persistent AF was defined as continuous AF that had lasted for more than 1 year. Written informed consent was obtained from all patients. The study was approved by the Fukuoka Sanno Hospital's Institutional Review Board.
| Preparation
A venous access site in the right internal jugular vein was used to introduce a duo-decapolar catheter (Bee-AT, Japan-Lifeline Co., Ltd., Tokyo, Japan), of which the distal 10-poles were positioned in the coronary sinus while the proximal 10-poles were placed along the crista terminalis for internal cardioversion. Jude Medical) were inserted into the LA for the mapping and ablation. A 3D geometry of the LA was created and fused with the preoperative 3DCT using an EnSite NavX™ system (St. Jude Medical).
A temperature monitoring probe (SensiTherm™; St. Jude Medical)
was inserted into the esophagus.
| Pulmonary vein isolation
Pulmonary vein isolation was performed using the irrigation catheter. Radiofrequency (RF) energy was applied in a dragging fashion with a temperature limit of 40°C, and a power limit of 40 W on the anterior wall, 30 W on the posterior wall, and 20 W near the esophagus. PVI was confirmed using a circular mapping catheter.
| Voltage mapping
After PVI, AF was internally cardioverted with 10 J. When AF was not cardioverted, the energy was increased up to 20 J. with a mean number of sampling points of 524 ± 204. The mapping catheter was manipulated through an SL0™ sheath. The distance between a mapping point and the geometry surface was set at 5 mm.
The maximum distance between the mapping points was set at 10 mm. Bipolar intracardiac electrograms were filtered by a band pass to frequencies between 30 and 300 Hz.
LVAs were defined as areas with bipolar peak-to-peak voltage amplitudes of <0.5 mV [12] [13] [14] [15] [16] and covering >5% of the LA body surface area. Regarding the analysis of the distribution of the LVAs, the LA was divided into six parts including the anterior wall, roof, septum, posterior wall, inferior wall, and lateral wall. In patients who subsequently underwent BOXI during sustained AF after PVI, only LVAs outside the posterior LA region were evaluated.
| Box isolation
After voltage mapping, AF was induced by rapid pacing for 20 beats while shortening the cycle length by 10 mseconds from 250 to 180 seconds from the coronary sinus, then BOXI was subsequently performed during AF. Ablation of the LA roof and floor was performed by creating a contiguous line to isolate the posterior LA.
RF energy was applied in a dragging fashion with a temperature limit of 40 W on the roof, 30 W on the floor, and 20 W near the esophagus. If the esophageal temperature was higher than 40°C, RF applications were interrupted. When electrograms were found within Box lesion using the ablation catheter or the circular mapping catheter placed on the posterior LA, they were ablated until the complete absence of electrograms. Entrance block of Box lesion was confirmed by the complete electrical silence on the posterior LA ( Figure 1A ).
When AF still sustained after BOXI, AF was internally cardioverted again in the same way. Exit block of Box lesion was confirmed during SR. Gaps along the ablation lines were detected and closed using high output (10 V) pacing through the ablation catheter. 11 In case of pacing capture, RF energy was delivered simultaneously while pacing from the tip of the ablation catheter. The endpoint of BOXI was defined as bidirectional conduction block, that is, both a lack of potentials in the posterior LA and the loss of pacing capture.
11
After the completion of BOXI in SR, re-inducibility of AF was assessed by rapid pacing in the same way. When atrial arrhythmias were not induced, isoproterenol (5-10 μg) was injected. When AF from the superior vena cava (SVC) was induced, SVC isolation was performed. When cavotricuspid isthmus (CTI) dependent atrial flutter, mitral flutter and atrial tachycardia were induced, CTI linear ablation, mitral isthmus ablation, and focal ablation were performed.
| LVA ablation
Patients with LVAs (n = 54) were randomly assigned to ablation with BOXI plus LVAs ablation group (LVAabl, n = 33; Figure 1B ) or BOXI alone group (LVAnon-abl, n = 21; Figure 2 ). For the LVAabl group, the LVA ablation was subsequently performed after BOXI during AF with a temperature limit of 40 W. When AF was not induced, the LVA ablation was performed during SR. LVAs were circumferentially ablated in a dragging fashion. The linear lesions were created to connect the LVAs to anatomical obstacles including the PVs, roofline and mitral annulus to prevent the creation of narrow, proarrhythmic channels ( Figure 1B ). The endpoint was the complete isolation of the LVAs as confirmed by the lack of potentials in the LVAs and loss of pacing capture using high output (10 V) pacing at the ablation site during SR.
| Periprocedural care and follow-up
All patients were taking a direct oral anticoagulant before the ablation. Transesophageal echocardiography was performed 1 day before the procedure in all patients. All antiarrhythmic drugs were stopped at least five half-lives before the procedure. Amiodarone was not prescribed in any patients. Patients were discharged with prescription for antiarrhythmic drugs, which was continued for up to 3 months (blanking period) and then discontinued.
The patients were monitored for the recurrence of arrhythmias by a general practitioner every month and a questionnaire survey every 3 months. Hospital visits were also scheduled at 3, 6, and 12 months and then every 6 months thereafter. A 7-day Holter monitor was performed at 6 and 12 months. A telemetry ECG recorder (HCG-801, Omron, Japan) was also used to document symptomatic episodes and to record ECG once per week regardless of symptoms.
A recurrence was defined as any atrial arrhythmias documented by ECG, Holter monitoring, or event recorder >30 seconds in duration 3 months after the ablation.
| Statistical analysis
All statistical data analyses were performed with sas 9. Wilcoxon rank-sum test, and data are presented as the mean ± SD.
Atrial tachyarrhythmia-free survival curves were estimated by the Kaplan-Meier method, and a log-rank test was used for comparisons between groups. Cox proportional hazard regression was used to calculate the hazard ratio (HR) and 95% confidence interval (CI). A multivariable Cox regression was used to identify the significant predictors of arrhythmia recurrence. Statistical significance was set at a P < 0.05. were found in seven patients (Figure 2 ), but not in eight patients.
| RE SULTS
| Additional effects of BOXI added to the PVI
In the remaining 100(88 + 12) patients with sustained AF after the BOXI, AF was successfully cardioverted with 10 or 20 J. The rate of AF termination or cardioversion after BOXI was significantly higher than that after PVI (100% vs 88%, P < 0.001).
Box isolation was completely achieved in all patients. After BOXI, the re-inducibility of AF was assessed in 101 patients with induced AF after PVI (Figure 3) . AF was induced in eight patients and atrial flutter/tachycardia was induced in 19, including CTI dependent flutter in 10 patients, perimitral flutter in five and atrial tachycardia in four.
Of those 27 patients (27%), LVAs were found in 15 patients, but not in 12 patients. The inducibility of atrial tachyarrhythmia after BOXI was significantly lower than that after PVI (27% vs 100%, P < 0.001). Thus, the addition of BOXI to PVI facilitated AF termination and non-inducibility regardless of the presence or absence of LVAs. Table 1 shows the baseline characteristics of patients. The patients with LVAs were significantly older and more often females than those without LVAs. There were no significant differences in the patient characteristics, and the distribution and area of the LVAs between the LVAabl and LVAnon-abl groups (Tables 1 and 2 ). LVAs were frequently identified on the anterior LA wall and septum in both groups ( Table 2 ). The LVAabl group had higher RF energy and longer RF, procedure, and fluoroscopic times as compared with the LVAnon-abl group ( patients in LVAnon-abl, P = 0.604) between LVAabl and LVAnonabl groups.
F I G U R E 3
| Additional effects of LVA ablation added to the BOXI
In the LVAabl group (n = 33), LVA ablation was performed during AF in 22 patients and AF terminated in three, in whom AF directly terminated into SR in one, was converted to CTI dependent flutter in one, and to atrial tachycardia in one. In the remaining 11 patients, LVA ablation was performed during SR. The complete isolation of the LVAs was achieved in 29 of 33 patients (88%). In 4 patients, the LVAs were not entirely ablated due to the wide area, but the anterior lines across the LVA were created.
| Procedural complications
One patient in the group without LVAs had a pericardial effusion, but no surgical intervention was required. No major complications occurred in any of the groups. overall patients with LVAs, was significantly lower than that in the patients without LVAs (P = 0.043, Figure 4A ). However, the survival curves of the LVAabl and LVAnon-abl groups crossed in the early follow-up period (<12 months), and atrial tachyarrhythmia-free rate was not significantly different between the two groups (P = 0.722, Figure 4B ). The patients with inducible atrial tachyarrhythmias had a significantly higher AF recurrence rate than those without inducible atrial tachyarrhythmias (41% vs 20%, P = 0.017).
| Ablation outcomes
Among the 11 patients in the group without LVAs who had recurrence, 10(91%) had AF and 1 (9%) had atrial flutter. A second procedure was performed in 7 of 11 patients with recurrence, in whom a re-BOXI was performed in six, SVC isolation in four, and mitral isthmus ablation in one. Among the 11 patients in the LVAabl group who had a recurrence, nine (82%) had AF and two (18%) had atrial flutter.
A second procedure was performed in 6 of 11 patients with recurrence, in whom a re-BOXI was performed in four, SVC isolation in six, and mitral isthmus ablation in one. Among the eight patients in the LVAnon-abl group who had a recurrence, six (75%) had AF and two (25%) had atrial flutter. A second procedure was performed in five of eight patients with recurrence, in whom a re-BOXI was performed in two, SVC isolation in four, and mitral isthmus ablation in one.
After the second procedure, a total of 56 patients (92%) in the group without LVAs, 41 (76%) in the overall patients with LVAs, 26 (79%) in the LVAabl group, and 15 (71%) in the LVAnon-abl group had no recurrence during 20 ± 10 months of follow-up ( Figure 5 ). A rate of freedom from atrial tachyarrhythmia in the overall patients with LVAs, was significantly lower than that in the patients without LVAs (P = 0.022, Figure 5A ). However, atrial tachyarrhythmia-free rate was not significantly different between the LVAabl and LVAnon-abl groups (P = 0.603, Figure 5B ).
| Predictors of atrial tachyarrhythmia recurrence
The results of the univariate and multivariate analysis are shown in Table 3 . An LVA was a univariate predictor of an atrial tachyarrhythmia recurrence. After adjusting for baseline characteristics, 
| D ISCUSS I ON
| Main findings
The present study demonstrated that (a) the addition of BOXI to PVI facilitated AF termination and its non-inducibility regardless of the presence or absence of LVAs, (b) BOXI alone was adequate in patients without LVAs, and (c) patients with LVAs have higher risk of AF recurrence, however, the addition of LVA ablation to BOXI did not improve atrial tachyarrhythmia-free rate in persistent AFpatients.
| Benefits of BOXI over the PVI in persistent AF
The STAR AF II trial demonstrated that both linear ablation and ablation of complex fragmented atrial electrograms showed no benefit over PVI in patients with persistent AF. 24 In contrast, it has been shown that BOXI in addition to PVI results in a better outcome than PVI alone in patients with persistent AF. In the present study, BOXI facilitated AF termination and its noninducibility. Therefore, BOXI should be considered in patients with persistent AF. Moreover, additional LVA ablation after BOXI may not always be necessary during the first procedure.
| Additional effects of adding the LVA ablation to the BOXI
| Study limitations
This was a single center study, and it is possible that a solid conclusion may not be reached regarding the effects of LVA ablation on the recurrence due to a relatively small sample size. However, two previous studies compared the outcome of LVAabl and LVnon-abl groups in addition to PVI in similar sample sizes (LVAabl group vs TA B L E 3 Predictors of atrial tachyarrhythmia recurrence but may be cost-prohibitive. Also, a monitoring frequency bias may exist in symptomatic patients but all patients with longstanding persistent AF in the present study were asymptomatic.
| CON CLUS IONS
Box isolation facilitates AF termination and its non-inducibility regardless of the presence or absence of LVAs. Among the patients with persistent AF, BOXI alone may be adequate in cases without
LVAs. Although cases with LVAs have higher risk of AF recurrence, additional LVA ablation did not improve the outcomes much.
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